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Measles virus nucleoprotein encoded from the vaccinia virus genome assembles into nucleocapsids similar in many
respects to those observed during a natural measles virus infection. The influence of the measles virus phosphoprotein on
nucleocapsid assembly has been studied using a vaccinia virus recombinant encoding both the nucleoprotein and the
phosphoprotein. Infection of cells with the virus recombinant resulted in the formation of cytoplasmic inclusions in which
the nucleoprotein and the phosphoprotein colocalized. Electron microscopic examination suggested that these inclusions
contained characteristic nucleocapsid filaments. The buoyant density of nucleocapsids assembled in the presence of the
phosphoprotein was found to be slightly higher than that of nucleocapsids assembled in its absence. Furthermore, the
phosphoprotein partially inhibited the formation of nucleocapsids, a process which was extremely efficient when the nucleo-
protein was expressed alone. Analysis of the nucleic acid content of nucleocapsids showed that they packaged heterologous
RNA into a micrococcal nuclease-resistant form. These experiments demonstrate that the measles virus phosphoprotein
regulates the efficiency with which the nucleoprotein assembles into nucleocapsids and the structural conformation they
acquire. q 1997 Academic Press
INTRODUCTION teins. So far NC assembly has been most extensively stud-
ied for Sendai virus and to a lesser extent measles virus.
Measles virus, a Paramyxovirus belonging to the Mor- The general picture emerging is that RNA encapsidation by
billivirus genus, is an enveloped virus which encapsi- NP is a process coupled to genome replication. A complex
dates a 16-kb negative strand RNA genome (for reviews, between the P and L proteins replicates the parental ge-
Lamb and Kolakofsky, 1996; Griffin and Bellini, 1996). The nome and simultaneously as nascent genomes appear
mature particles are assembled from six viral-encoded they are enwrapped by NP donated from a complex of the
proteins. Two glycoproteins, the hemagglutinin and the NP and P proteins (Horikami et al., 1992). One of the multi-
fusion protein, are the major protein constituents of the ple roles of P is to chaperone NP and thereby maintain it
envelope. A third protein, the matrix protein, lines the in a soluble state until nascent RNA genomes are available
interior surface of the viral envelope and is believed to for encapsidation (Curran et al., 1995). Major binding do-
link the glycoproteins to the internal viral proteins. The mains between Sendai virus NP and P (Curran et al., 1995;
nucleoprotein (NP), the major internal protein, enwraps Buchholz et al., 1994) and measles virus NP and P (Harty
the genomic RNA into helical filamentous structures re- and Palese, 1995; Bankamp et al., 1996) have been recently
ferred to as nucleocapsids (NC). A single viral particle identified. Despite the attractiveness of the current model
is thought to be able to envelope numerous NC. Two of NC assembly many of the fine details remain to be
additional proteins, namely the phosphoprotein (P) and understood. One intriguing observation that needs to be
the large protein or RNA polymerase (L), are associated explained within this framework is the ability of NP to as-
with NC and are involved in replication as well as tran- semble into NC-like structures in the absence of an authen-
scription of viral RNA. By analogy with Sendai virus, the tic viral genome and the other NC-associated proteins
number of copies of the NP, P, and L proteins per NC is (Spehner et al., 1991; Buchholz et al., 1993; Fooks et al.,
estimated to be about 3000, 300, and 40, respectively. 1993; Me´ric et al., 1994). To further study this phenomenon
The assembly of Paramyxovirus NC requires specific we have examined the influence of the P protein on the
interactions of newly synthesized viral genomes with a sub- fate of NP with regard to its intracellular localization, its
set of the viral structural proteins, the NP, P, and L proteins, ability to assemble into NC, and to package nonviral RNA.
as well as interactions between each of these three pro-
MATERIALS AND METHODS
Construction of vaccinia virus (VV) recombinants1 To whom correspondence and reprint requests should be ad-
The measles virus P gene from plasmid pSC-P pro-dressed. Fax: (33) 03 88 21 25 21. E-mail: Robert.Drillien@etss.u-
strasbg.fr. vided by Martin Billeter was excised at its 5* end with
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EcoRI and at its 3* end with AccI then inserted into pPoly1 were incubated overnight with 5 ml of guinea pig serum
specific for measles proteins and 4 mg protein A– Sepha-(Lathe et al., 1987) opened with the same enzymes. This
procedure added a BglII site at the 3* end of the gene. rose. The Sepharose beads were then pelleted by centrif-
ugation for 1 min at 10,000 rpm and washed four timesThe P gene was then recovered with EcoRI and BglII and
inserted using the same restriction sites into pTG 2146 with a buffer containing 0.5 M KCl, 10 mM Tris– HCl, pH
8.8, 0.5% Triton X-100. The pellets were finally washeddownstream of a 7.5-kDa promoter. The plasmid pTG
2146 containing the VV sequences surrounding the K1L in 10 mM Tris– HCl, pH 8.8, suspended in an equal vol-
ume of twofold concentrated SDS gel loading buffer, andhost range locus is identical to pTG 2147, which has
been previously described (Wild et al., 1992) except that analyzed by SDS– polyacrylamide gel electrophoresis
(SDS– PAGE) followed by autoradiography (Maniatis etthe polylinker region downstream of the 7.5-kDa pro-
moter is inverted. The lacZ gene encoding b-galactosi- al., 1989).
dase under the control of the VV K1L promoter was ex-
cised from pIV 75 (Chen et al., 1993) with BglII and BamHI
Immunofluorescence and immunoelectron microscopyand inserted downstream of the P gene at the BglII site.
The entire manipulation created a plasmid designated
Mouse Ltk0 cells cultivated on glass slides were in-pIV 90, which contained the P gene and lacZ gene at the
fected with the various VV recombinants overnight, fixedposition of the K1L gene but in the opposite direction.
with acetone, rehydrated with PBS containing 1% fetalTo isolate VV recombinants BHK 21 cells were infected
bovine serum, and incubated for 30 min with either awith wild-type VV or VV-NP encoding the measles virus
monoclonal antibody against P (2Cl 8) or against NP (ClNP from the thymidine kinase locus and transfected with
105) each diluted 100-fold. After extensive washing withpIV 90 using lipofectAMINE (Gibco-BRL). Two days later
PBS the cells were incubated with a FITC-coupled rabbitthe infected cells were disrupted by sonication and the
anti-mouse serum diluted 100-fold in PBS. To reducehomogenates used to infect fresh BHK 21 cells and
background fluorescence and allow visualization of allscreen for viral recombinants encoding b-galactosidase
cells Evans blue was added to the rabbit serum at aactivity using the blue plaque method (Chakrabarti et al.,
100-fold dilution. After 30 min incubation the cells were1985; Panicali et al., 1986). Viral recombinants encoding
washed several times with PBS and photographed underP (VV IV 90) or NP and P together (VV IV 3109/90) were
UV light with a light microscope.isolated and are designated for convenience as VV-P
For immunoelectron microscopy BHK 21 cells wereand VV-NP.P, respectively. A VV recombinant encoding
infected for 24 hr and processed as previously describedthe lac Z gene from the K1L locus (VV IV 79, hereafter
(Spehner et al., 1991). Briefly, the medium was removeddesignated VV-lac) has been previously isolated (Chen
and fixation buffer containing 2.5% paraformaldehydeet al., 1993) and is used in some experiments in control
and 0.1% glutaraldehyde in 0.1 M cacodylate buffer (pHinfections. For homogeneity the VV recombinant encod-
7.2) was added to the samples for 1 hr at 47. The cellsing NP from the TK locus was modified by addition of
were washed in 0.1 M cacodylate and then concentratedthe lacZ gene at the K1L locus after transfection with pIV
in agar. The following day the samples were stained for79 (Chen et al., 1993) and this virus (VV IV 3109/79) is
30 min with 0.5% uranyl acetate at 47, diluted in Michaelisdesignated VV-NP.
buffer, dehydrated with increasing concentrations of al-
cohol at decreasing temperatures, and embedded inRadiolabeling of measles proteins
Lowicryl K4M. After polymerization under UV light, thin
sections were cut, collected on Formvar carbon-coatedBHK21 cells (2 1 106) were infected at 5 PFU/cell with
nickel grids, and immunolabeled. The grids were floatedthe various VV recombinants for 4 hr and labeled for 2
for 1 hr on PBS containing 1% normal goat serum (PBS/hr with 50 mCi/ml of a mixture of [35S]methionine and
NGS) then overnight at 47 with a monoclonal antibodycysteine in the absence of the corresponding unlabeled
directed against NP (cl 25) and or a rabbit serum raisedamino acids. The cells were then recovered by scraping
against P (antibody dilutions at 1/2000). The grids werethem off the plates, pelleting, and resuspending in 200
then washed with PBS/NGS and floated on PBS/NGSml PBS and 200 ml immunoprecipitation buffer (1 M KCl,
containing 5% goat anti-mouse antibodies coupled to 5-0.1 M Tris– HCl, pH 8.8, 2% Triton X-100, 0.2 mg/ml soy-
nm colloidal gold particles and 5% goat anti-rabbit anti-bean trypsin inhibitor, 0.35 mg/ml phenyl-methyl-sufonyl-
bodies coupled to 10-nm colloidal gold particles. After 1fluoride). The cells were sonicated, centrifuged at 10,000
to 2 hr incubation the grids were washed, postfixed withrpm for 5 min, and the supernatants were incubated for
2.5% glutaraldehyde diluted in PBS, washed with water,2 hr with a normal rabbit serum and 4 mg protein A–
coated with 1.8% uranyl acetate and 0.2% methylcellu-Sepharose Cl 4b (Pharmacia). The lysates were centri-
lose, and observed under a Philips EM 410 microscopefuged again at 10,000 rpm for 5 min to remove material
adsorbing to the sepharose beads and the supernatants at 80 kV.
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Density gradient analysis
BHK 21 or Vero cells (about 40 1 106 cells) were in-
fected with different viruses at 0.1 PFU per cell for 2
days. The cells were then scraped from the culture flasks
and collected by centrifugation. The cells were resus-
pended in 2 ml of ice-cold TE buffer (10 mM Tris – HCl,
pH 8, 0.1 mM EDTA) and lysed with 20 strokes of a
dounce homogenizer. Cell nuclei were pelleted by cen-
trifugation for 5 min at 3,000 rpm. The cytoplasmic frac-
tions were centrifuged at 12,000 rpm in a Sigma 202MK
centrifuge to eliminate debris and the supernatants were
deposited onto discontinuous CsCl gradients made in
TE buffer (1.5 ml 40%, 2 ml 35%, 2 ml 30%, 2 ml 25%, and
3 ml 20%). The gradients were centrifuged overnight in
a Beckman SW41 rotor at 37,000 rpm, a time and speed FIG. 1. Immunoprecipitation of the phosphoprotein and the nucleo-
protein synthesized in cells infected with vaccinia virus recombinants.largely sufficient for NC to reach equilibrium. Fractions
BHK 21 cells were infected at 5 PFU/cell with wild-type vaccinia viruswere collected from the top of the tubes first as 1 ml then
(lane 1), VV-NP (lane 2), VV-P (lane 3), or VV-NP.P (lane 4). After 4 hr of
after the fourth sample as 0.5-ml fractions. The buoyant incubation at 377 the medium was replaced with a medium containing
density of the samples was determined by measuring [35S]methionine and cysteine and incubation was continued for a further
their refractive indexes. Each fraction was then dialyzed 2 hr. The cells were then lysed and the nucleoprotein and phosphopro-
tein were immunoprecipitated using a guinea pig serum directedagainst TE buffer and conserved at 0207. Twenty-five
against measles proteins. An autoradiograph of an SDS – polyacryl-microliters of each fraction was mixed with twofold con-
amide gel used to separate the proteins is shown. The position of the
centrated SDS gel loading buffer and deposited on a 10% measles proteins is indicated in the right hand margin and the position
SDS– polyacrylamide gel and the proteins were sepa- of molecular weight markers in kilodaltons is given in the left hand
rated by electrophoresis (Maniatis et al., 1989). The pro- margin.
teins were then electroblotted onto hybond-C nitrocellu-
lose and detected by enhanced chemiluminescence
larly a single strand measles virus probe was prepared by(Amersham) using a 1/2000 dilution of guinea pig antise-
run off transcription of the measles virus L gene from posi-rum directed against measles proteins and a 1/2000 dilu-
tion 15,114 to 15,275 (Genbank Z66517). The fragmentstion of horseradish peroxidase coupled to protein A.
complementary to lac Z mRNA or measles virus genomic
RNA, respectively, were then hybridized to the dot blots atNucleic acid extraction and hybridization
687 in the presence of tRNA (0.1 mg/ml) according to the
After centrifugation of cytoplasmic extracts on CsCl gra- manufacturer’s instructions. One-half of each fraction from
dients as described above, fractions were collected and the peak NC fractions was treated with micrococcal
dialyzed against TE buffer. Nucleic acid in the pellets was nuclease and extracted as described above then submitted
dissolved in 0.5 ml of TE buffer. One-third of each fraction to electrophoresis on a 1.5% agarose gel containing formal-
and 3 ml of the pellets were then treated with micrococcal dehyde. The gel was then blotted onto a nylon membrane
nuclease (20 mg/ml) in the presence of 2 mM CaCl2. Incuba- and probed with the digoxigenin-labeled lacZ gene.
tion was carried out at 377 for 30 min then EGTA (5 mM)
was added and the fractions were extracted with phenol/
RESULTSchloroform and precipitated with alcohol. Nucleic acid frac-
tions were dissolved in 10 ml of diethyl pyrocarbonate- Coexpression of the measles virus phosphoprotein
treated water then 20 ml of formamide, 7 ml formaldehyde, and nucleoprotein from the vaccinia virus genome
and 2 ml SSC (201) were added before incubation at 707
for 10 min. The samples were then diluted with 2 vol of Vaccinia virus recombinants encoding NP (VV-NP),
both NP and P (VV-NP.P) or P alone (VV-P) were con-SSC (201) and dot blotted onto positively charged nylon
membranes (Boehringer-Mannheim) using a commercial structed. These recombinants also encoded E. coli b-
galactosidase. In each instance the measles genes wereslot blotter. The blots were washed twice with 101 SSC
and the nucleic acid was fixed to the nylon with 50 mM placed under the control of the 7.5-kDa vaccinia virus
promoter. Expression of P and NP was first studied byNaOH for 5 min followed by a wash with 21 SSC. A single
strand lacZ probe was prepared by run off transcription of immunoprecipitation of [35S]methionine- and cysteine-la-
beled proteins from BHK 21 cells infected with the differ-the Escherichia coli lacZ gene from position 1953 to 1510
(Genbank V00296) using T7 RNA polymerase in the pres- ent recombinant viruses (Fig. 1). P and NP migrated in
SDS – PAGE as protein species of approximately 72 andence of digoxigenin-11-UTP (Boehringer Mannheim). Simi-
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60 kDa, respectively (Fig. 1, lanes 2 and 3), in accordance fection of BHK 21 cells with the different VV recombinants
were deposited on discontinuous CsCl gradients andwith their known molecular weights. The level of synthe-
sis of P and NP expressed together from the same virus centrifuged to equilibrium (Fig. 4). A distinct band, band
a in the bottom third of each gradient, was shown byrecombinant (Fig. 1, lane 4) was similar considering that
both proteins contain a nearly identical number of methi- electron microscopy to be composed of vaccinia virus
particles. The gradient derived from cells infected withonine and cysteine residues and that the antiserum was
employed in excess. VV-NP (Fig. 4, sample 3) displayed an additional band
(band b) previously characterized as an accumulationThe intracellular localization of P and NP was investi-
gated by immunofluorescent staining of infected Ltk0 of NC-like particles (Spehner et al., 1991). The gradient
containing a cytoplasmic extract from cells infected withcells using specific mouse monoclonal antibodies (Fig.
2). In VV-NP-infected cells, NP was distributed both in the VV-NP.P (Fig. 4, sample 4) displayed two additional
bands. The minor band (band b), which was not noticednucleus and the cytoplasm and accumulated particularly
within dense foci (Fig. 2A). NP synthesized in cells in- in all experiments performed, migrated as NC-like parti-
cles from VV-NP-infected cells and corresponded to suchfected with VV-NP. P was also found within foci, the latter
being mainly localized to the cytoplasmic compartment structures under the electron microscope (not shown).
The major band (band c), noticed in more than 10 experi-(Fig. 2C) as previously noticed by Huber et al. (1991).
Immunofluorescent staining of P in VV-P-infected cells ments, displayed a higher density than band b and was
shown by electron microscopy to contain NC-like parti-showed that this protein was diffusely spread throughout
the cytoplasm (Fig. 2B). On the other hand, the P protein cles (Fig. 3C), which could not be distinguished by any
obvious structural feature from those appearing in cellsin cells infected with VV-NP.P was found in cytoplasmic
foci (Fig. 2D) similar to those observed under the same infected with VV-NP.
Analysis of the protein composition of the CsCl gradi-conditions after immunofluorescent staining for NP. Thus
expression of NP modified the intracellular distribution ents was carried out after fractionation and dialysis of
the samples. Following SDS – PAGE the proteins in theof P probably through multiple interactions between the
two proteins resulting in colocalization. gels were blotted onto nitrocellulose filters and detected
using a guinea pig polyclonal antiserum directed againstDetection of NP and P by immunoelectron
measles virus structural proteins (Fig. 5). Most of the NPmicroscopy
from VV-NP-infected cells (Fig. 5C) migrated to the 10th
A more precise definition of the intracellular distribu-
and 11th fractions with a peak at the 10th fraction corre-
tion of NP and P as well as a direct demonstration of
sponding to a density of approximately 1.29 g/ml, charac-
their colocalization was sought by in situ immunogold teristic of intracellular measles virus NC (Robbins et al.,
labeling of both proteins using a mouse monoclonal anti- 1980). Only a minor amount of NP remained at the top
body recognizing NP and a polyclonal rabbit serum di- of the gradients, indicating that the majority of the protein
rected against P. Anti-mouse and anti-rabbit antibodies had assembled into NC-like particles. A portion of the NP
coupled, respectively, to 5- and 10-nm gold particles from VV-NP.P-infected cells (Fig. 5B) displayed a slightly
were employed to visualize the primary antibodies. Under higher density since a peak was found in the 11th fraction
the electron microscope, BHK 21 cells infected with VV- at a density of approximately 1.30 g/ml. This shift in ap-
NP.P displayed electron-dense inclusions within the cy- parent density was consistent with the visual examina-
toplasm that were heavily labeled with both antibody tion of the gradients shown in Fig. 4. A large amount of
species (left of Fig. 3A). Areas of the cytoplasm which NP from VV-NP.P-infected cells remained at the top of
were devoid of inclusions and showed signs of vaccinia
the gradient showing that in this case much of the NP
virus infection such as viroplasmic material (not shown)
was not assembled into NC or had assembled into unsta-
or vaccinia virus particles (top right of Fig. 3A) lacked ble structures that did not resist the analytical methods
significant gold-labeling. The inclusions appeared as a employed.
reticular network of electron-dense material interspersed The P protein could also be detected on the Western
with electron-lucent material. Only the electron-dense blots containing proteins from VV-P- or VV-NP.P-infected
material was labeled with gold particles. Under higher cells. P migrated to the 4th and 5th fractions of the gradi-
magnification NC-like filaments were tentatively recog- ents when expressed alone (Fig. 5A) and to the 5th, 6th,
nized (Fig. 3B). Inclusions similar to those shown in Figs.
and 7th fractions when coexpressed with NP (Fig. 5B).
3A and 3B were previously noticed in cells expressing
This shift confirms the formation of a complex between
NP alone (Spehner et al., 1991).
P and NP which bands at a higher density than that of
Density gradient analysis of nucleocapsid-like the P protein alone. Trace amounts of P were also found
particles associated with the NC fractions 10 and 11 of cells in-
fected with VV-NP.P.To examine the assembly of the measles virus NP into
NC-like particles, cytoplasmic extracts produced after in- Density gradient analysis was also carried out on in-
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FIG. 2. Detection of the phosphoprotein and the nucleoprotein by immunofluorescence. Mouse Ltk0 cells were infected at approximately 5 PFU/
cell with VV-NP (A), VV-P (B), or VV-NP.P (C and D). A monoclonal antibody directed against NP (cl 105) was used for immunofluorescence in A
and C and a monoclonal antibody directed against P (2cl8) was used in B and D. The yellow-green staining is due to fluorescence from FITC while
the red staining is from Evans blue.
FIG. 4. Density gradient analysis of nucleocapsid-like particles. BHK 21 cells (40 1 106 cells) were infected with 0.1 PFU/cell for 2 days. Cleared
cytoplasmic extracts were then deposited on CsCl gradients and run overnight to equilibrium. The gradients were then photographed: 1 (VV), 2
(VV-P), 3 (VV-NP), 4 (VV-NP.P).
fected cell extracts prepared from the human cell line Nucleocapsid-like particles encapsidate RNA
Hep-2 and the monkey cell line Vero. As in the case of
The finding that the density of NC-like particles pro-BHK 21 cells we found that coexpression of P with NP
duced in cells infected with VV-NP or VV-NP.P is in theresulted in a significant decrease in the amount of NP
same range as the density of authentic measles viruswhich sedimented at the position of NC and also noticed
a shift in density of the latter (not shown). NC suggested that they package RNA molecules. Since
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FIG. 3. Electron microscopic detection of nucleocapsid-like particles appearing in cells infected with VV-NP.P. BHK 21 cells were infected at 0.1
PFU/cell for 24 hr and processed for immunoelectron microscopy (A and B). The nucleoprotein was detected using a specific mouse monoclonal
antibody (cl 25) and goat anti-mouse antibodies coupled to 5-nm colloidal gold particles. The phosphoprotein was detected using rabbit antibodies
raised against it and goat anti-rabbit antibodies coupled to 10-nm gold particles. A (magnification, 120,000) displays on the left hand side a portion
of cell cytoplasm containing electron dense material heavily labeled for the NP and P proteins. The right hand side of A is characteristic of vaccinia
virus-infected cytoplasm with viral particles appearing in the top right corner. B is an enlargement of a portion of A (1200,000). A NC-like structure
running from top to bottom on the left side of the picture can be distinguished. C (1120,000) shows an electron micrograph of negatively stained
(2% uranyl acetate) NC-like particles obtained after purification on CsCl gradients.
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packaged into RNAse-resistant NC. RNA at the bottom
of the gradients (Fig. 6, fraction 17) and in most of the
other fractions was significantly digested as compared
to the RNA pellets (P) that were not treated with micro-
coccal nuclease. Measles virus RNA extracted from NC
produced in Vero cells was detected in the same region
of the gradient as the b-gal RNA in cells infected with
the VV recombinants (Fig. 6D). Confirmation that the hy-
bridizing material from NC-like particles was RNA and
not DNA was obtained by digesting the nucleic acid ex-
FIG. 5. Western blot detection of the migration of measles virus tracted from micrococcal nuclease-treated NC with
proteins in CsCl gradients. Approximately 40 1 106 BHK 21 cells were DNAse-free RNAse A and then proceeding with hybrid-infected with VV-P (A) or VV-NP.P (B) or VV-NP (C). After 2 days cleared
ization in which case no signal was obtained (not shown).cytoplasmic extracts were centrifuged to equilibrium on CsCl gradients.
Interestingly, a stronger hybridization signal was ob-Fractions were collected from the top of the gradients, dialyzed, and
their proteins separated on SDS – polyacrylamide gels. The proteins served in NC fractions derived from cells infected with
were blotted onto nitrocellulose membranes and detected by Western VV-NP.P (Fig. 6C, fraction 11) than in fractions obtained
blotting using a guinea pig serum directed against measles proteins.
from cells infected with VV-NP (Fig. 6B, fraction 10), sug-The position of the NP and P proteins is indicated in the right hand
gesting that NC assembled under the former conditionsmargin.
contained a proportionally larger amount of b-gal RNA.
the VV recombinant viruses we had constructed lacked
the hypothetical measles virus packaging sequences,
presumed to lie in the leader and trailer region of the
viral genome, it was possible that the NC-like particles
nonspecifically enwrapped RNA molecules available in
the infected cells. This assumption was tested by analyz-
ing the RNA content of the fractions obtained after equi-
librium centrifugation. For this purpose, extracts from
Vero cells infected with VV recombinants encoding mea-
sles virus proteins as well as the bacterial b-galactosi-
dase (b-gal) were fractionated on CsCl gradients, phenol
extracted, dot blotted onto nylon membranes and probed
by hybridization with a DNA fragment containing b-gal
sequences. In parallel, Vero cells infected with measles
virus were similarly processed except that the dot blot
was hybridized to a measles virus L gene probe. In initial
experiments, we could detect a stronger hybridization
signal with the b-gal probe to fractions containing NC-
like particles than to the corresponding fractions from
FIG. 6. Detection of nucleic acid packaging in nucleocapsid-likecells infected with the VV recombinant encoding b-gal
particles. Vero cells were infected as in Fig. 4 with a VV recombinantalone (results not shown). However, an intense signal
encoding b-galactosidase (A), VV-NP (B), VV-NP.P (C), or measles viruswas also apparent in all samples migrating below the
(D). Cleared cytoplasmic extracts were separated on CsCl gradientsNC fractions, most likely due to abundant free RNA that and fractions were collected from the top of the tubes. Fractions were
had not pelleted to the bottom of the gradients. To re- dialyzed, treated with micrococcal nuclease, their nucleic acid ex-
tracted, and one-third of the content of each sample was dot blottedmove this material and to determine whether b-gal se-
onto nylon membranes. Fractions 1 to 10 are displayed in the top partquences were packaged into NC in such a manner that
of each panel and fractions 11 to 17 in the bottom part. Fraction Pthey were RNAse resistant, the fractions from the CsCl
contains 0.6% of the nucleic acid found in the pellet and untreated
gradients were treated with micrococcal nuclease before with micrococcal nuclease. In E, RNA corresponding to samples from
being phenol extracted. Nucleic acid samples were then fraction 11 of A, B, and C were separated by denaturing agarose gel
electrophoresis in lanes 1, 2, and 3, respectively. b-gal mRNA se-blotted onto nylon filters and hybridized to the b-gal
quences were detected by hybridization with a digoxigenin-labeled lacprobe (Fig. 6). Under these conditions, material in frac-
Z probe to A, B, C, and E. Measles virus genomic RNA was detectedtions known to contain NC-like particles from previous
in D by hybridization with a digoxigenin-labeled measles L gene probe.
experiments (Figs. 6B and 6C, fractions 10 and 11) hybrid- The arrow in E indicates the position of full-length b-gal mRNA. Lane
ized to the b-gal probe, demonstrating that nucleic acid 4 shows the pattern of migration of RNA molecular weight markers
and to the right of lane 4 their molecular weights in kb.sequences corresponding to the b-gal gene were indeed
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In contrast, when the same experiment was performed tions since the dense NC produced after infection with
a VV recombinant expressing NP and P contained onlywith BHK21 cells a stronger hybridization signal was ob-
served in NC fractions derived from cells infected with trace amounts of the P component in contrast to authen-
tic NC described by Robbins et al. (1980) and no particu-VV-NP (not shown). The reason for this variability and
whether it is related to cell permissivity requires further lar cellular proteins were found to consistently comigrate
with the less dense NC made in the presence of NPstudies.
Finally, we analyzed the size of the RNA isolated from alone (results not shown). Despite the low amount of P
on CsCl-banded NC from VV-NP.P-infected cells, P wasthe NC peak fractions by denaturing agarose gel electro-
phoresis (Fig. 6E). No hybridization signal was observed most likely associated with intracellular NC, as sug-
gested by immunoelectron microscopy, but not boundin the control sample from VV-infected cells (Fig. 6E,
lane 1) and only a very poor signal, probably for lack of sufficiently tight enough for all of it to remain attached
after the high salt treatment of the CsCl gradients.sufficient amount of RNA, was obtained from cells in-
fected with VV-NP (Fig. 6E, lane 2). A major band migrat- The increase in density of the NC assembled in the
presence of NP and P could have several origins. Ac-ing at the size expected for full-length b-gal RNA (3.4 kb)
was detected in the sample from cells infected with VV- cording to one hypothesis a relative increase in RNA
content noticed in NC assembled in Vero cells in theNP.P (Fig. 6E, lane 3). Although this sample also con-
tained a broad band below 2.8 kb the results indicate presence of NP and P as compared to NC assembled in
the presence of NP alone would account for the densitythat full-length b-gal RNA can be packaged into RNAse-
resistant NC-like particles. shift. However, NC assembled in BHK21 cells in the pres-
ence of P also displayed a characteristic density shift
yet their relative RNA content was not enhanced. ThusDISCUSSION
it is more likely that the presence of P modifies the con-
formation of NC in a subtle manner entailing a shift inOur experiments have shown that synthesis of the
measles virus phosphoprotein influences the fate of the density which cannot be correlated with any ultrastru-
cural change detectable under the electron microscopy.nucleoprotein. In the absence of P, the majority of NP
assembled into NC-like structures both within the cyto- In addition to the influence of P expression on the
buoyant density of NC, P also altered the relative amountplasm and the nucleus of infected cells (Spehner et al.,
1991; Fooks et al., 1993). In contrast to Huber et al. (1991), of NP that was assembled into stable NC-like particles.
In the presence of P, a large fraction of NP remained atNP expressed on its own in our experiments did not
accumlate mainly in the nucleus and therefore we had the top of the CsCl gradients consistent with recent stud-
ies on Sendai virus (Horikami et al., 1992; Curran et al.,no difficulty isolating NC from the cytoplasmic fractions.
This difference could be related to the alternative expres- 1995) and measles virus (Chandrika et al., 1995), demon-
strating that the association of P with NP maintains thesion systems used as similar methods were employed
to visualize the measles proteins. Nevertheless, in the latter in a soluble state. One may, however, infer from
our experiments and the work cited that P does not en-presence of P, NP was essentially localized in the cyto-
plasm, as previously shown by Huber et al. (1991), and tirely impair the ability of NP to assemble into NC. Hori-
kami et al. (1992), Curran et al. (1995), and Chandrika etboth proteins accumulated together within inclusions
that were not observed in cells expressing P alone. Elec- al. (1995) readily detected NP, in the presence of P, at the
bottom of glycerol gradients where NC would sediment,tron microscopic examination coupled to immunogold
labeling of the measles proteins demonstrated that both although they did not characterize this material as NC.
It might be argued from their experiments and ours thatNP and P colocalized within areas of the cytoplasm that
displayed a network pattern characteristic of the accumu- P failed to entirely prevent NC assembly for lack of a
sufficient quantity of this protein with respect to NP (in alation of NC-like filaments.
Two kinds of intracellular NC have been described in natural measles virus infection P is synthesized in slightly
smaller amounts than NP (Wechsler and Fields, 1978;measles virus infections (Robbins et al., 1980). The so-
called ‘‘light’’ NC displayed a buoyant density of 1.26 to Stallcup et al., 1979)). However, we have found that the
vaccinia virus recombinants induce levels of NP and P1.28 g/ml, whereas the ‘‘heavy’’ ones had a density of
1.30 g/ml. The light NC contained in addition to the NP equivalent to those produced during a natural measles
infection (results not shown) and that P synthesis is suffi-and P proteins, two proteins of cellular origin. Using VV
recombinants encoding measles proteins, NC could be cient to practically prevent all NP from gaining access
to the nucleus. Thus complexes of NP and P could bepurified on CsCl gradients from infected cells expressing
NP alone or NP and P together. However, in the latter only partially defective for the NC assembly process. Al-
ternatively, under our experimental conditions, a smallcase the majority of the NC sedimented with a slightly
higher density than in the former. It is difficult to relate amount of free NP could initiate encapsidation which
would then proceed using the pool of NP– P complexesthese results to observations with measles virus infec-
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and in vivo study of the ectromelia virus homolog of the vacciniafor the elongation process. The relatively small pool of
virus K1L host range gene. Virology 196, 682 –693.free NP molecules in the presence of P would limit the
Curran, J., Marq, J-B., and Kolakofsky, D. (1995). An N-terminal domain
number of NC whose formation could be initiated. of the sendai paramyxovirus P protein acts as a chaperone for the
The specificity of NC assembly with respect to the NP protein during the nascent chain assembly step of genome repli-
cation. J. Virol. 69, 849– 855.RNA that is packaged in the Paramyxovirus family is still
Fooks, A. R., Stephenson, J. R., Warnes, A., Dowsett, A. B., Rima, B. K.,not adequately understood. In this report we have shown
and Wilkinson, G. W. G. (1993). Measles virus nucleocapsid proteinthat heterologous RNA such as full-length b-gal RNA can
expressed in insect cells assembles into nucleocapsid-like struc-
be packaged into RNAse-resistant NC. In other experi- tures. J. Gen. Virol. 74, 1439– 1444.
ments we could detect the encapsidation of vaccinia Griffin, D. E., and Bellini, W. J. (1996). Measles virus. In ‘‘Fields Virology’’
(B. N. Fields, D. M. Knipe, and P. M. Howley, Eds.), 3rd ed., pp. 1267–virus RNAs as well as that of mRNA for cellular actin
1312. Lippincott-Raven, Philidelphia, PA.(results not shown). The efficiency of the unnatural en-
Harty, R. N., and Palese, P. (1995). Measles virus phosphoprotein (P)capsidation events in the absence of P is illustrated by
requires the NH2- and COOH-terminal domains for interactions with
the CsCl gradients showing that nearly all of the synthe- the nucleoprotein (N) but only the COOH terminus for interactions
sized NP is within NC-like particles. Since expression of with itself. J. Gen. Virol. 76, 2863–2867.
Horikami, S. M., Curran, J., Kolakofsky, D., and Moyer, S. A. (1992). Com-P cannot entirely prevent nonspecific packaging by NP,
plexes of sendai virus NP-P and P-L proteins are required for defec-clearly other factors must participate in creating the con-
tive interfering particle genome replication in vitro. J. Virol. 66, 4901 –ditions of stringent specificity considered to be charac-
4908.
teristic of measles virus assembly. RNA encapsidation Huber, M., Cattaneo, R., Spielhofer, P., Orvell, C., Norrby, E., Messerli,
signals and or the RNA replication process itself are M., Perriard, J-C., and Billeter, M. A. (1991). Measles virus phospho-
protein retains the nucleocapsid protein in the cytoplasm. Virologysuch factors whose role in NC formation remains to be
185, 299–308.better defined.
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